Advances in the applications of thin-layer chromatography (TLC) and high-performance TLC for the separation, detection, identification, and determination of pesticides, other agrochemicals, and related compounds are reviewed for the period 2000-2002. Analyses are described for a variety of samples, such as food, biological, and environmental samples, and for residues of pesticides of various types, including insecticides, herbicides, and fungicides, belonging to different chemical classes. References are included for residue analysis, hydrophobicity studies, and the use of TLC and thin-layer radiochromatography for studies of pesticide metabolism, degradation, uptake, and related topics.
T he purpose of this paper is to selectively review the literature on the thin-layer chromatography (TLC) and high-performance thin-layer chromatography (HPTLC) of pesticides, metabolites, breakdown products, and some related agrochemicals, published and/or abstracted in the period from mid-2000 through mid-2002. This paper updates the review on the same topic published in this journal in 2001 (1) . Pesticide analysis remains one of the leading applications of TLC and HPTLC for the qualitative and quantitative analysis of foods, environmental samples such as soil and water, and biological samples.
TLC and HPTLC complement the other primary methods used for pesticide residue determinations, such as gas chromatography (GC), high-performance column liquid chromatography (LC), and immunoassay, because of their unique advantages: high sample throughput and low operating cost because multiple samples can be analyzed with standards on a single plate with the use of a very low volume of solvent; selective and sensitive detection and identification with a very wide variety of chromogenic, fluorogenic, and biological reagents and coupled spectrometric techniques; and high resolution and accurate and precise quantification achieved on HPTLC plates, especially with automated sample application, development, and densitometric scanning methods. TLC is widely used to verify results initially obtained by these other methods (2) . Thin-layer radiochromatography (TLRC) is used routinely for metabolism, breakdown, and other studies of pesticides in plants, animals, and the environment; these applications are covered as well as studies of hydrophobicity and pesticide migrations through soils. For the separation and characterization of metabolites, TLC is often combined with ultraviolet (UV), infrared (IR), nuclear magnetic resonance (NMR), and mass spectrometry (MS) (3) as well as column chromatographic methods. Roughly 30% of TLC papers each year are on the subject of food and environmental analysis; pesticide determinations represent a significant part of these applications and will continue to be highly important in the future.
In most cases, generic (common) names of pesticides have been used, rather than trade names. Chemical names and formulas, trade names, properties, uses, and other information are contained in the yearly printed or electronic editions of the Pesticide Dictionary of the Farm Chemicals Handbook (Meister Publishing Co., Willoughby, OH; <http://www.meisternet.com>).
Materials and Techniques

Sample Preparation
Traditional sample preparation methods are still widely used before TLC analysis. For example, in the analysis for degradation products of endosulfate, the toxic metabolite of endosulfan, microbial culture samples were extracted with ethyl acetate, residual water was removed by passage through a 6 cm magnesium sulfate column in a Pasteur pipet, organic solvent was evaporated, and the residue was reconstituted in acetone for application to a TLC plate (4) . As an example of the use of traditional extraction and purification methodology, samples of Juniperus procera tree were ground, dried, and Soxhlet-extracted with hexane-dichloromethane (1 + 2), and the extracts were cleaned up on a 1 m´2.5 cm silica gel column by elution with hexane followed by dichloromethane-hexane (1 + 4) . Silica gel TLC of the extracts identified 10 major alcohol, phenol, and acid compounds that were potential antitermite agents (5) .
Solid-phase extraction (SPE) and matrix solid-phase dispersion (MSPD) are modern sample preparation methods that are being increasingly used before pesticide analysis by TLC. SPE on Bond Elut C-18 cartridges, TLC with silica gel 60-F layers and hexane-chloroform-acetone-methanol (9 + 9 + 1 + 1) as the mobile phase, and detection by scintillation counting of layer segments were used in the assessment of the potential of subsurface material and groundwater samples to mineralize MSPD is a relatively new method for conducting the simultaneous disruption and extraction of solid and semi-solid samples; it permits fractionation of sample matrix components as well as selective elution of a single compound or several classes of compounds from the same sample. The use of MSPD in the TLC and LC analysis for organochlorine (OC) and organophosphorus (OP) pesticides and other pollutants from animal tissues, fruits, vegetables, and other matrixes was reviewed (7) .
Additional sample preparation methods are described in some of the applications cited in the sections below.
Thin-Layer Plates, Mobile Phase Selection, and Plate Development
Most pesticide determinations by TLC and HPTLC are performed on silica gel plates that are commercially precoated. The layers almost always contain a binder (gypsum [designated as G layers] or an organic binder) and often a fluorescent indicator or phosphor to facilitate detection of compounds that absorb UV light at 254 nm as dark zones on a fluorescent background. These are termed F-layers or F 254 -layers by the manufacturers. As an example, the OC and OP insecticides DDT, methoxychlor, methyl parathion, parathion, lindane, chlordane, diazinon, malathion, endosulfan, ethion, and phorate were separated on glass plates precoated with a 0.25 mm layer of silica gel 100-F by development with heptane-acetone (4 + 1); zones were detected by observation under UV light at 254 and 366 nm (8) .
Other layers that are reported less often than silica gel for TLC analysis of pesticides include cellulose, alumina, and kieselguhr, all of which were used in a study of the mobility of chlorpyrifos, cypermethrin, dimethoate, endosulfan, fenvalerate, and phosphamidon (9) . Normal-phase (NP) (e.g., cyano, amino, diol) and reversed-phase (RP) (C-18 [octadecyl] and C-18W [water-wettable octadecyl]) chemically bonded silica gel layers have also been applied occasionally to pesticide TLC.
Impregnated layers are sometimes applied to pesticide analysis. Ion-pair chromatography for the separation of ionic analytes was performed on C-18 RP plates impregnated with an ion-pairing reagent such as cetyltrimethylammonium bromide (CTMAB) or tetrabutylammonium bromide (TBAB) (10) . The toxicity of the pyrethroid pesticide fenvalerate to some selected freshwater fishes was studied, and residue analysis for qualitative confirmation was performed on silver nitrate-impregnated silica gel layers with development by different mixtures of hexane and acetone and detection of zones by exposure to UV light for 10 min (11) .
A new type of ultrathin (10 mm) layer without separate granular particles or binder was described (12) , consisting of monolithic silica gel with meso-and macropores and fine capillaries penetrating the layer. The high selectivity and efficiency of this layer material, leading to rapid separations in short development distances, were demonstrated by applications to dyes, steroids, and pesticides ( Figure 1) .
Hydrated zirconium oxide layers were used for determination of the pyrethroid insecticides cypermethrin, deltamethrin, and fenvalerate in wheat at 1 mg levels. The most effective mobile phases were methyl acetate-formic acid (8 + 2), ethanol-hexane (1 + 1), and acetone-cyclohexane (3 + 2); iodine and o-tolidine reagent were used for detection (13) . Separations were tabulated for the OP pesticides malathion, phosphamidon, chlorpyrifos, monocrotophos, dimethoate, quinalphos, and demeton-S-methyl chromatographed on hydrated stannic oxide-calcium sulfate (2 + 1) layers with 40 different single-and dual-component mobile phases (14) . Mixed stannic oxide-silica gel G (1 + 1) layers were used for the separation of 14 important OP, OC, and pyrethroid pesticides; separations were reported for 21 mobile phases (detection with iodine vapors), and the practical utility of the layer was demonstrated by determination of monocrotophos, dimethoate, and malathion in soil samples with butanol-acetic acid-water (5 + 1 + 4) as the mobile phase (15) .
Separation data for 10 carboxylic acid herbicides on layers of silica gel G, calcium sulfate, lead sulfate, and their admixtures with 19 different mobile phases were tabulated. Relationships between stationary phase, mobile phase, and herbicide structure and the R m values of the compounds were tested in order to develop a multilinear retention model (16) .
Examples of solvent systems used as mobile phases for pesticide TLC are heptane plus a polar modifier (ethyl acetate, tetrahydrofuran [THF], dioxane, or diisopropyl ether) with silica gel layers; ethyl acetate-heptane with diol-bonded layers; and acetonitrile-water with C-18W-bonded layers (17) .
One-dimensional (1-D) ascending development with the mobile phase is usually performed in a covered glass chamber or tank having a relatively large volume. On occasion, a small-volume sandwich chamber has been used used for ascending or horizontal development (18) selectivities at right angles to better resolve a mixture zone, spotted in a corner of the plate, over the entire layer rather than in a single track, as in 1-D development. For example, 2-D TLC of fungicides or of crude extract material was done on silica gel with methanol-dichloromethane (1 + 9) in the first direction and, after air-drying, ethyl acetate-hexane (1 + 1) in the second. Zones were visualized under UV light at 254 nm, by spraying with sulfuric acid-ethanol (1 + 19) and heating, or spraying with a nutrient broth and incubating for 4 days (bioautography) (19) . A variation is to perform 2-D separations on a plate with 2 different layers having diverse mechanisms and selectivities. Figure 2 shows the complete separation of 14 triazine and urea herbicides on a Multi-K CS5 plate having a 20´3 cm strip of C-18-bonded silica gel (RP) adjacent to the main 20´17 cm plain silica gel layer (NP) (20) .
Ten pesticides were completely separated by 2-D development on coupled C-18 and plain silica gel layers. The respective aqueous-organic and nonaqueous binary mobile phases were chosen from plots of R f versus mobile phase composition and graphical R f (RP)-R f (NP) correlations (21) .
Specific layers, mobile phases, and development techniques are stipulated in applications described in the sections below.
Detection and Identification of Zones
Pesticide zones can be detected on layers in daylight as colored zones or under UV light at 366 nm as fluorescent zones in their natural state or after postchromatographic derivatization with a chromogenic or fluorogenic reagent. Fluorescence detection, which ranks with certain biological detection techniques, e.g., enzymatic detection (22) , as the most sensitive and selective approach, was included in a review of luminescence methods for pesticide analysis (23) . Many pesticides absorb shortwave UV light and can be detected on F-layers as dark zones on a bright fluorescent background (green fluorescence with most commercial layers) by inspection in a viewing box under illumination from a 254 nm lamp; this detection method is based on quenching of the layer fluorescence by the pesticides. Identification is based on comparison of R f values for the sample and standard zones, colors obtained with selective-detection reagents, and spectrometric analysis in situ or after recovery of localized zones by scraping and elution from the plate.
A new method for the detection of OP pesticides is based on the reaction of o-dianisidine with hydrogen peroxide, which is catalyzed by the pesticide zones on a silica gel layer. The detection limit for metaphos and fozolone was found to be 600-700 ng, and the accuracy of the method was tested in the analysis of apples (24) .
Diazinon was detected as a yellow zone by spraying a silica gel plate with palladium chloride reagent in a qualitative and quantitative weekly study of the insecticide in the stomach, intestine, and liver of experimental rats after administration of a lethal dose (25) .
Chloranil (0.5% in acetone) was described as a new chromogenic spray reagent for selective detection and identification of monocrotophos in the presence of other OP insecticides and OC, carbamate, and pyrethroid insecticides. HPTLC was done on silica gel with chloroform-acetone (7 + 3) and, after drying, the plate was sprayed with 20% anhydrous sodium carbonate solution and then chloranil reagent to produce red zones of standard monocrotophos and monocrotophos extracted with ethanol from visceral tissue at a detection level of 0.5 mg (26).
4-Aminoantipyrene and potassium ferricyanide reagents were used in a new method for detection of the carbamate insecticides carbaryl, propoxur, and carbofuran as red zones in forensic analyses. Biological tissue (stomach, intestine, liver, spleen, and kidney) was extracted with diethyl ether, and extracts were chromatographed on silica gel G layers with n-hexane-acetone (4 + 1) at the mobile phase. Layers were dried and sprayed in turn with 5% NaOH solution; a solution of 1.5 g 4-aminoantipyrene, 3 g sodium carbonate, and 3 g sodium bicarbonate in 100 mL distilled water; and a solution of 4 g potassium ferricyanide, 3 g sodium carbonate, and 3 g sodium bicarbonate in 100 mL distilled water (27) .
Atrazine, diuron, chloroxuron, and metribuzin residues from tomatoes were detected and semiquantified by visual comparison with standards on silica gel plates after development with ethyl acetate by using a method based on Hill reaction inhibition with isolated chloroplasts. The Hill reaction involves conversion of the blue (quinone) form of 2,6-dichlorophenol-indophenol by light and chlorophyll to the colorless, reduced phenolic form (28) .
Off-line TLC/MS was used to study the transformation of teflubenzuron, the active ingredient in Nomolt insecticide, through hydrolytic cleavage of the phenylurea bridge in different positions by soil microorganisms of the Bacillus, Alcaligenes, Pseudomonas, and Acinetobacter genera (29) . Extraction of teflubenzuron was performed with ethyl acetate 3 times, the last time after acidification with 1M HCl to pH 2.0. Extracts were evaporated and analyzed on silica gel-F plastic-backed sheets developed with benzene-dioxane-acetic acid (93 + 7 + 0.1). Metabolite zones were detected under UV light, scraped, eluted with methanol, and identified by electron ionization MS with direct evaporation of the sample and an ionization energy of 70 eV.
Additional specific detection and identification methods are stated in the applications described in earlier sections and below.
Quantitative Determination
Quantitative TLC of pesticides is usually performed by measuring the visible absorption, UV absorption, or fluorescence of zones in situ on a high-performance layer by using a slit-scanning densitometer in the reflection mode. As an example, in a study of the metabolism of the fungicide cymoxanil in strains of the fungus Botrytis cinera, ionizable metabolites were monitored by using ion-pair TLC on C-18WF plates impregnated by vertical dipping in a methanolic solution of an ion-pairing reagent and drying at 80°C for 5 min on a plate heater. Samples (2 mL) of standards and biological samples were applied as bands with an automatic spray-on instrument, and the plate was developed in a horizontal chamber with a mobile phase consisting of phosphate buffer (0.01M, pH 6.0)-methanol. Quantitative measurements were made by densitometry in the UV-reflectance mode at 243 nm (10) .
A recent approach to quantification is to use a videodensitometer consisting of a video documentation system incorporating quantification software. RP-TLC with methanol-water (8 + 2) as the mobile phase was used in conjunction with videodensitometry for the determination of propham, chlorpropham, atrazine, diflubenzuron, tetramethrin, and a-cypermethrin. Quantification was validated for linearity, precision, and detection limit, and the method was tested for the determination of residues in spiked soil by using ultrasonic extraction with various solvents (30) . A study was made of the influence of different camera settings (aperture and number of accumulated frames) on the videodensitometric quantification of fluorescence-quenched atrazine zones on different NP-and RP-TLC and HPTLC layers. Sensitivity and precision (relative standard deviation) were found to be most favorable with settings that gave an image of moderate brightness (31) .
Preparative Layer Chromatography
Preparative layer chromatography (PLC) on 0.5-2 mm layers of sorbent is used to isolate and purify material in larger amounts than are normally chromatographed on 0.1-0.25 mm analytical thin layers. An example is the use of PLC for purification of novel antifungal compounds from the sourdough Lactobacillus plantarum strain 21b; 0.5 mm layers of silica gel 60-F were used, and separated fractions were scraped, eluted with chloroform-methanol (1 + 1), and subjected to antifungal disk assay. Analytical silica gel TLC was used for compound characterization with zone detection by inspection under UV light and spraying of the plates with 10% sulfuric acid in methanol and then with 5% phosphomolybdic acid in methanol, followed by heating at 110°C for 10 min (32) .
The antifungal compound phenylacetic acid produced by the antagonistic bacterium Pseudomonas sp. was isolated from greenhouse soil by PLC on silica gel with cyclohexane-ethyl acetate as the mobile phase. The layer fraction was scraped and eluted with diethyl ether, and the purified antifungal compound was identified (R f 0.38) by analytical silica gel TLC with cyclohexane-diethyl ether as the mobile phase (33) .
TLRC
Direct detection and quantification of radiolabeled compounds on thin layers by using autoradiography (34) , liquid scintillation counting of scraped zones, or a linear analyzer (35) or phosphor-imaging plate analyzer system (36) for in situ measurement is a very important procedure used in many types of pesticide studies, such as soil-TLC and metabolism studies (37) . Linear analyzers are very advantageous in soil-TLC because linear radiochromatograms and also very exact images in 2 or 3 dimensions of radioactive pesticide zones on the plate can be obtained (38) . The following are examples of the use of TLRC, and additional applications are given in other sections below.
The fate and persistence of zineb, maneb, and ethylenethiourea (ETU) in fresh and processed tomatoes was studied by spraying the fruit with the 2 fungicides radiolabeled with 14 C and measuring the extent of their degradation to ETU by TLC. For ETU analysis, silica gel LK5F plates were developed in ethyl acetate-ammonia-water (15 + 1 + 1), and zones were detected by exposure to iodine vapor. For ETU degradation products, the same mobile phase as well as chloroform-ethanol (90 + 5) and methanol-acetic acid-water (10 + 1 + 1) were used, and degradation products were identified by comparing their R f values in the 3 mobile phases by 2-D TLC. The 14 C-zones detected with iodine were scraped and eluted and counted for radioactivity content in a liquid scintillation counter (39) .
The absorption, translocation, and metabolism of foliar-applied 14 C-CGA 362622 herbicide in cotton, peanut, and selected weeds (jimsonweed and sicklepod) were studied by using silica gel TLC with chloroform-methanol-ammonium hydroxide-water (80 + 30 + 4 + 2) and determination of radioactive positions, proportions, and corresponding R f values by scanning the plates with a radiochromatogram scanner (40) .
The metabolism of [ 14 C-m-phenyl]isoproturon by 2 soil and freshwater microorganisms, green alga Chlorella kesslerei and cyanobacterium Anabaena inequalis, was studied as a function of pH, pesticide concentration, and incubation time. Metabolites were analyzed by C-18 SPE, 2-D TLC on silica gel G plates with chloroform-ethanol (9 + 1) and hexane-toluene-acetone (1 + 1 + 2) as the mobile phases, scanning the plate with a UV-Vis spectrometer for detection and identification of zones, and scraping off the detected zones for quantification by liquid scintillation counting (41) .
TLC as a Pilot Method for Column LC
Relationships between R f values and mobile phase composition have been determined for moderately polar pesticides in NP systems of the type silica gel-nonpolar diluent (heptane)-polar modifier (ethyl acetate, THF, or dioxane) and in RP systems of the type C-18 silica gel-water-polar modifier (acetonitrile, methanol, or THF). These relationships provided a retention database that enabled a choice of optimum conditions for preparative LC separation of pesticides into fractions, which were then applied to a silica gel plate and chromatographed. The plate was videoscanned to furnish a real picture of the complete separation of the pesticide fractions (42) .
TLC Applications
Insecticides
Metabolites of the OC insecticide endosulfan were analyzed by TLC on aluminum oxide-F layers developed with either petroleum ether-acetone (85 + 15) or chloroform-ethyl acetate (3 + 1). Compounds containing Cl atoms were visualized by spraying with silver nitrate-saturated methanol-water (95 + 5) and exposing the layer to UV light (4).
The carbamate insecticide carbofuran was detected by TLC and GC/MS in the gastric contents from 4 victims in suicidal ingestion cases, and blood concentrations were quantified by using GC with nitrogen-phosphorus detection (GC-NPD) (43) . The layer was silica gel 60-F, the mobile phase was n-hexane-acetone (4 + 1), and the pesticides were detected as blue zones by spraying with 0.5M KOH in ethanol followed by 0.5% 2,6-dibromoquinone dichlorimide in cyclohexane. The same methods were used for the earlier simultaneous TLC determination of carbofuran and benfuracarb in samples related to acute fatal poisoning cases (44) .
Residues of carbofuran and its metabolites in sugar and soil were determined by GC-NPD after derivatization with 1-fluoro-2,4-dinitrobenzene. The identities of the residues of carbofuran, 3-ketocarbofuran, and 3-hydroxycarbofuran were confirmed in this study (45) by TLC on silica gel G layers developed with benzene-diethyl ether (3 + 2). Pink zones were detected with a sensitivity of 500 ng by spraying with 1.5M methanolic KOH followed by p-nitrobenzenediazonium fluoroborate (0.1% in methanol) chromogenic reagent. The respective R f values were 0.45, 0.42, and 0.20.
The synthetic pyrethroid insecticides cypermethrin and fenvalerate were analyzed simultaneously by TLC on a silica gel plate developed with heptane-cyclohexane-ethyl acetate-water (60 + 40 + 15 + 15) as the mobile phase and detection by spraying with a 1% solution of vanillin in 80% sulfuric acid, followed by heating the plate at 125°C for 10 min (46) .
OP Pesticides
The mechanism of interaction between the OP insecticide chlorpyrifos and methyl mercury was assessed by using the amphipod Hyalella azteca. TLC on silica gel plates with hexane-ethyl acetate (3 + 7) as the mobile phase and detection by exposure to iodine vapor resulted in separated zones of chlorpyrifos (R f 0.93), methyl mercury (R f 0.71), and a proposed chlorpyrifos-methyl mercury complex (R f 0.04). Formation of this complex may result in increased accumulation of methyl mercury, apparent additive toxicology, and protection against chlorpyrifos-mediated acetylcholinesterase inhibition (47) .
An improved extraction method and TLC on silica gel 60-F layers with mobile phases of dichloromethane-acetone (95 + 1) and toluene-acetone (80 + 3) and cholinesterase inhibition detection were applied to prove that improper use of dichlorvos and parathion insecticides led to the poisoning and death of a number of piglets on a German farm (22) .
Herbicides and Plant Growth Regulators
TLC on silica gel 60-F layers with hexane-ethyl acetate and dichloromethane-methanol mixtures as the mobile phases and detection by spraying with 10% sulfuric acid solution and heating at 110°C or bioautography was used to study the plant growth inhibitory activity of p-hydroxyacetophenones and tremetones from Chilean endemic Baccharis species (48).
Radiolabeled plant-metabolism studies of the new herbicide isoxaflutole were performed by chromatographing root and shoot extracts on 1 mm thick 150 Å silica gel preadsorbent plates with mobile phases of ethyl acetate-methanol-acetic acid (92 + 5 + 3) and ethyl acetate-chloroform-ethanol-acetic acid (2 + 1 + 1 + 1). Radioactive zones were located and quantified by phosphor image analysis (36) .
A quantitative instrumental HPTLC method was developed for assessment of the photodegradation of the sulfonylurea herbicide bensulfuron-methyl on silica gel (49) . The method uses automated spray-on application of samples onto silica gel 60-F plates, irradiation with a sunlight-simulating xenon arc lamp for different time periods, development with a mobile phase of dichloromethane-acetone-methanol-9M aqueous ammonia (45 + 15 + 10 + 1) in a twin-trough chamber, and scanning of fluorescence-quenched zones of samples and standards at 240 nm. Figure 3 shows a typical result. The method, which was validated successfully for accuracy and precision and found to be more accurate than bioassay and less complex, faster, and less expensive than LC, is suitable for estimation of the photodegradability of pesticides in the adsorbed state in the environment.
The TLC of 15 s-triazine derivatives was performed on cellulose and aminoplast-cellulose (9 + 1) layers with mobile phases consisting of methanol-water-acetonitrile (30:20:1-10) and detection under UV light at 254 nm. Retention constants, determined by the extrapolation method, can be used as a measure of the lipophilicity of the triazines (50) .
A simplified method for determination of residues of the plant growth regulator chlormequat in pears used extraction with methanol and purification by formation of an ion pair with sodium tetraphenylborate. HPTLC involved instrumental application of samples and standards as bands onto cellulose layers, development with dichloromethane-methanol-1M HCl (7 + 4 + 4), detection with Munier-Macheboeuf (bismuth nitrate-KI) spray reagent, and scanning of the red zone at 510 nm. The limit of quantitation was 0.5 mg/kg. Recovery results obtained by using the HPTLC method and an LC method with conductimetric detection were comparable, but the HPTLC method was found to be faster (51) .
TLC was used to remove interfering choline from plant tissue extracts containing chlormequat, which was subsequently determined by matrix-assisted laser desorption/ionization time-of-flight MS (MALDI-TOFMS) (52) . Development of aluminum oxide plates with pentanol-acetic acid-water (5 + 1 + 1) gave R f values of 0.38 for choline and 0.55 for chlormequat. A control lane was sprayed with 0.2% dipicrylamine in acetone to locate the chlormequat zone, which was scraped off, and the chlormequat was extracted from the sorbent with 1.2 mL methanol; the extract was reduced to 50 mL under a stream of nitrogen. The extract was prepared for MALDI-TOFMS by mixing with an a-cyano-4-hydroxycinnamic acid matrix.
Fungicides
Residues of 2-10 ppm iprodione, vinclozolin, and cymoxanil were determined in raspberries and lettuce by HPTLC on silica gel 60-F plates with a mobile phase of hexane-acetone (7 + 3) and densitometric scanning at 210 nm (Figure 4) . Fungicide residues were extracted by blending with acetone and liquid-liquid partitioning with dichloromethane, and the extracts were cleaned up on a silica gel column, which was eluted with dichloromethane-ethyl acetate (3 + 1) before automated application of the sample onto the layer. Results obtained by HPTLC and LC were found to be similar; however, 20 samples could be analyzed by HPTLC in 1 h, compared with 2 by LC. Limits of detection for HPTLC of the 2 compounds in the 3 matrixes ranged from 0.2 to 0.5 ppm, one order of magnitude lower than the maximum tolerated levels (53) .
Three important dithiocarbamate fungicides, ziram, thiram, and ferbam, were analyzed on silica gel plates (54).
Development with benzene-chloroform (9 + 1) separated all 3 compounds adequately for their identification (respective R f values of 0.60, 0.17, and 0.28) after detection of the compounds as yellow zones by use of tetraacetonitrilocopper(I) perchlorate solution (0.01M in acetonitrile). Quantification in formulated products was by spectrometric measurement of the yellow color after scraping of the standard and sample zones from the plate and elution with acetonitrile.
RP-TLC was used to examine the chromatographic behavior of 16 2,4-dihydroxythiobenzanilides substituted in the N-aromatic ring, which are compounds with antimycotic activity. Samples (1 mL) of the solutes (1 mg/mL in methanol) were applied with an automated applicator to C-18-F HPTLC plates, for development with water-methanol and water-methanol-10mM acetate buffer (pH 4), which were used as the mobile phases, with volume fractions of methanol ranging from 0.6 to 1.0 in intervals of 0.05. Zones were detected with a densitometer at 325 nm. Separations were reported ( Figure 5) , and it was shown that log K w values, determined by extrapolation from TLC data, were useful as a measure of the hydrophobicity and biological activity of the derivatives (55).
Multiclass and Miscellaneous Pesticide Determinations
The anticoagulant rodenticide bromadialone was determined in an emulsifiable concentrate by TLC on silica gel with methanol-ethyl acetate-petroleum ether (60-90°C) ( The results of a study (57) showed the relationship between the R f values for a group of OP pesticides and a series of topological descriptors; TLC on silica gel 60-F was used with xylene and ethyl acetate-methylene dichloride (1 + 1) as the mobile phases, detection by observation under UV light at 254 nm, and spraying with palladium chloride reagent; TLC on Polyamide 6-F layers was used with methanol-water (1 + 1) and ethanol-water-ammonia (2 + 2 + 1) as the mobile phases, and detection by use of cholinesterase inhibition and silver nitrate reagent. By using multivariate regression, the corresponding connectivity functions were obtained, and the results allowed prediction of the elution behavior of the compounds and the different structural features that determine R f values.
A relationship between retention factor (R m ) and chemical structure was established for 16 herbicidal O-alkyl, O-(1 methylthioethylideneamino)phosphoramidates that were chromatographed on C-18-F-bonded silica gel RP layers with methanol-water (50 + 50) to (90 + 10) as the mobile phases and detected under UV light at 254 nm; good agreement was obtained between predicted and experimental R f values, and retention behavior of similar compounds could be predicted (58) .
Photodegradation products of the herbicide EPTC (S-ethyl-N,N-dipropylthiocarbamate) and the safener dichlormid upon irradiation with UV light at 254 nm in methanol and water solutions were identified by TLC, GC, and MS. For TLC, silica gel plates were developed with water-methanol (1 + 1) and (9 + 1), butanol-acetic acid-water (6 + 1 + 1), hexane-diethyl ether (7 + 3), and cyclohexane-acetone-acetonitrile (80 + 15 + 5), and zones were detected by viewing in daylight or under UV light. Localized zones were scraped off, eluted with methanol, and identified by MS. For detection of the sulfoxide and sulfone zones, plates were sprayed with a 0.5% solution of 2,6-dichloro-4-(chloroimino)-2,5-cyclohexadiene-1-one in acetic acid (Gibb's reagent) and heated for 10 min at 110°C (59) .
Biodegradation and chemotaxis of 3-methyl-4-nitrophenol (one of the major breakdown products of the OP insecticide fenitrothion) by the microorganism Ralstonia sp. SJ98 was studied by TLC, GC, GC/MS, and LC. Catechol was found to be one of the major compounds in the degradative pathway (60) .
Metabolites produced through biodegradation of the chlorinated cyclodiene insecticide endosulfan by the fungus Mucor thermo-hyalospora MTCC 1384 were identified by TLC on silica gel G layers with hexane-chloroform-acetone (9 + 3 + 1) as the mobile phase; endosulfan and its metabolites were detected by spraying with 3% toluidine in acetone and exposing the layer to sunlight for 15 min (61) .
TLC on silica gel 60-GF plates with benzene-acetone (9 + 1) as the mobile phase and detection under UV light at 254 nm was used to identify the sulfoxide and oxon as the in vivo metabolites of fenthion in goldfish (Carassius auratus). Fenthion, fenthion sulfone, fenthion oxon, and fenthion sulfoxide were completely resolved with respective R f values of 0.59, 0.40, 0.17, and 0.07 (62) .
The antibacterial activity of the herbicide glufosinate on Pseudomonas syringae pathovar glycina, casual agent of soybean blight, was examined in culture and planta. TLC analysis on silica gel 60-F plates with 2-propanol-glacial acetic acid-water (2 + 1 + 1) as the mobile phase and detection under UV light and by X-ray autoradiography revealed the presence of 3 glufosinate metabolites in addition to the parent compound (63) .
Metabolites of imidacloprid insecticide, caused by enzyme reactions, were analyzed by 3 organic solvent extractions of incubated mixtures with pH control, followed by 2-D TLC of the combined extracts on silica gel-F plates, first with THF-hexane-acetone-water (46.5 + 25 + 25 + 3.5) and then with chloroform-acetone-trifluoroacetic acid (13 + 5 + 5) . Cochromatography involved observing the unlabeled standards under UV light at 254 nm and the labeled metabolites by spraying with EN 3 HANCE and autoradiographing with tritium-sensitive Hyperfilm MP. Darkened areas on the film were used to locate labeled compounds on the layer for cutting out and quantification (64) .
Uptake and binding of the antiblast compound 14 C-capropamid in rice were investigated by using TLC on sil- ica gel plates developed in hexane-acetone (7 + 3) as the mobile phase, autoradiography with medical X-ray film and intensifying screens, and liquid scintillation counting of scraped and eluted zones. Standard capropamid was found to give 2 zones at R f values of 0.73 and 0.78, due to resolution of its AR and BR enantiomers. At least 7 radiolabeled metabolic products were observed by TLC (65) . The binding of 18 pesticides to humus extract was studied (66) by RP-TLC on paraffin-coated silica gel 60-F plates developed with mobile phases consisting of methanol-water (0 + 100) to (60 + 40) and containing humus extract at 0-20 mg/mL and various concentrations of acetic acid, sodium acetate, and NaCl, with detection under UV light and by iodine vapor. No significant interaction was found under acidic or alkaline conditions; NaCl markedly decreased the strength of interaction, indicating the hydrophilic character of the interactive forces.
The effect of molecular parameters on the binding of 12 phenoxyacetic acid derivatives to human and bovine serum albumins and egg albumin was determined by charge-transfer RP-TLC involving development of 20 mg spots of the derivatives on RP-18W-F bonded-phase plates in a sandwich chamber with aqueous solutions of the albumins (0-49 mg/mL in increments of 7 mg/mL) and detection of the compounds by measurement of the UV absorption spectra; the relative strengths of interaction were calculated, and it was suggested that the binding involves hydrophobic forces occurring between the apolar substructures of the derivatives and the amino acid albumin side chains (67) .
The interaction of 18 pesticides with a water-soluble b-cyclodextrin (BCDP) was studied by charge transfer RP-TLC on RP-18W-F layers developed in a sandwich chamber with methanol-water mixtures ranging from 30 to 60% by volume in increments of 5%. Zones of solutes were revealed by their UV absorption spectra or by iodine vapors. Relative strength of interaction was calculated, and the relationship between the calculated surface parameters of pesticides and their capacity to interact with BCDP was calculated by stepwise regression analysis. Pesticide lipophilicity decreased in the presence of BCDP, probably by the formation of inclusion complexes, and significant quadratic relationships were found between the relative strength of interaction and the polar surface area and polar surface energy of the pesticides. The data indicated that the agrochemical characteristics (adsorption, uptake, half-life, leakage, decomposition, etc.) of complexed pesticide molecules are very different from those of uncomplexed ones, resulting in modified effectivity (68) . A similar study of the interaction of pesticides with BCDP performed by RP-TLC and principal components analysis produced comparable results (18) .
The binding of amino acids to the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) was studied by charge transfer TLC performed on diatomaceous layers covered with different amounts of 2,4-D and salt solutions as mobile phases. Principal components analysis proved that the concentration of 2,4-D exerts the highest impact on the interaction and that the effect of salts is secondary, which suggests that amino acid residues account for the binding of 2,4-D to proteins and can play a considerable role in detoxification processes by forming conjugates with 2,4-D (69).
Hydrophobicity (or lipophilicity) is the molecular parameter most frequently used in quantitative structure-activity relationship (QSAR) studies for determination of physicochemical parameters of solutes by TLC. For example, studies of the lipophilicity of 19 N-(benzothiazol-1-yl) -a-amino alkyl phosphonic acid diesters (70) and the relationship between the lipophilicity and specific hydrophobic surface area of 37 insecticides, herbicides, and fungicides (71) were performed by TLC of zones applied with a Nanomat spotter on C-18-F RP bonded silica gel layers with methanol-water (60 + 40) to (90 + 10) as the mobile phases and detection under UV light. In the latter, R m and log k values decreased linearly with increasing methanol concentration, and lipophilicity and specific hydrophobic surface area were linearly related. The RP-TLC of 10 newly synthesized 1-(arylaminomethyl)-1,2,4-triazoles with antimicrobial activity was performed on paraffin oil-impregnated silica gel-F with methanol-water mixtures as the mobile phases and identification of zones under UV light at 254 nm. Good correlation was found between retention constants and log P, a new isocratic chromatographic hydrophobicity index, and the biological activity of the compounds investigated (72) .
Soil-TLC with water or water-methanol as the mobile phase allows observation and measurement of the mobility of isotope-labeled pesticides through soil microstructures. Zones are detected by physicochemical, radiochemical, or biological methods on the soil layers formed on standard glass plates (73) . Soil-TLC and leaching through packed soil columns are complementary methods for assessing pesticide mobility (74) . The mobility of the fungicide metalaxyl in 16 vineyard soils from the La Rioja region of Spain was studied by preparing 0.5 mm layers of each ground and sieved soil on glass plates, applying 5 mL samples of the 14 C-labeled fungicide, developing with distilled water, and detecting the radioactive zones with a Berthold TLC Tracemaster 20 linear analyzer. The significant mobility of metalaxyl found in all of the test soils indicated the potential for its leaching from soil to groundwater in areas where it is applied (75) . By using identical soil-TLC methodology, the adsorption and mobility of the herbicide linuron, as influenced by soil properties, organic amendments, and surfactants, were evaluated (76) . The mobility of alachlor, metolachlor, simazine, and atrazine was determined on a 0.5 mm soil layer with water as the mobile phase; after development, the soil plates were divided into 4 bands that were extracted with acetone-methanol (2 + 1), and the extracts were analyzed by GC (77) . After a soil-TLC study of 11 matrixes (humine, clays, schists, and soils) and 7 pesticides (glyphosate, paraquat, atrazine, isoproturon, diuron, fipronil, and phenmedipham), it was concluded that pesticide movement (M) in soil microstructures under the action of rain may be described by the equation
where WR is the rate of water movement (78) . Soil-TLC was also applied to studies of adsorption and mobility of penconazole (79) ; effect of water flux, organic matter, pH, and cosolvents on the movement of pesticides in 3 soils (80); evaluation of the effect of surfactants on the movement of pesticides in soil (81) ; relative mobility of the herbicides atrazine, dicamba, and 2,4-D in volcanic soils of south-central Chile (82) ; sorption and mobility of the sulfonamide herbicide flumetsulam in several southern U.S. soils (83) ; and adsorption, desorption, and mobility of endosulfan and methamidophos in Malaysian agricultural soil with autoradiography detection (84) .
Student Experiment
A simple undergraduate laboratory experiment for use in biochemistry and toxicology courses, involving experimental confirmation that oxidized phosphorothionate ester insecticides are stronger cholinesterase inhibitors and more toxic than their sulfur analogs, was devised to illustrate the importance of metabolic reactions in the toxicity of chemical substances (85) . As part of this experiment, reaction TLC is used to obtain a standard sample of paraoxon. A standard solution of parathion is applied to a layer of silica gel 60-F on an aluminum-backed sheet and exposed to bromine vapor for 2 min. After evaporation of excess bromine, another spot of parathion is applied in a different position and the layer is developed with hexane-acetone (4 + 1) as the mobile phase. The unreacted parathion and the paraoxon reaction product are separated, scraped from the sheet, extracted by acetone into tubes, and assayed colorimetrically by using acetylcholine as the substrate of the enzyme and 5,5¢-dithiobis-(2-nitrobenzoic acid) as the chromogen.
Earlier Publications Reviewing Information on Pesticide TLC
Reviews of the earlier literature on pesticide residue analysis by HPTLC (86) and TLC residue analysis of carbamate pesticides in water (87) were published. An article in the Encyclopedia of Chromatography (88) covered the materials and techniques of pesticide analysis by TLC and provided examples of applications.
